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Identifying and characterizing alternative splicing (AS) enables our understanding of
the biological role of transcript isoform diversity. This study describes the use of
publicly available RNA-Seq data to identify and characterize the global diversity of
AS isoforms in maize using the inbred lines B73 and Mo17, and a related species,
sorghum. Identification and characterization of AS within maize tissues revealed that
genes expressed in seed exhibit the largest differential AS relative to other tissues
examined. Additionally, differences in AS between the two genotypes B73 and Mo17
are greatest within genes expressed in seed. We demonstrate that changes in the
level of alternatively spliced transcripts (intron retention and exon skipping) do not
solely reflect differences in total transcript abundance, and we present evidence that
intron retention may act to fine-tune gene expression across seed development stages.
Furthermore, we have identified temperature sensitive AS in maize and demonstrate
that drought-induced changes in AS involve distinct sets of genes in reproductive
and vegetative tissues. Examining our identified AS isoforms within B73 × Mo17
recombinant inbred lines (RILs) identified splicing QTL (sQTL). The 43.3% of cis-sQTL
regulated junctions are actually identified as alternatively spliced junctions in our analysis,
while 10 Mb windows on each side of 48.2% of trans-sQTLs overlap with splicing
related genes. Using sorghum as an out-group enabled direct examination of loss or
conservation of AS between homeologous genes representing the two subgenomes of
maize. We identify several instances where AS isoforms that are conserved between
one maize homeolog and its sorghum ortholog are absent from the second maize
homeolog, suggesting that these AS isoforms may have been lost after the maize whole
genome duplication event. This comprehensive analysis provides new insights into the
complexity of AS in maize.
Keywords: alternative splicing, maize, sorghum, seed development, abiotic stress, splicing QTL, whole genome
duplication
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whose splicing were cis- and trans-regulated (Thatcher et al.,
2014). We apply a novel splice junction-based approach to
define and examine cis- and trans-QTLs using RNA-Seq data
from a second collection of IBM recombinant inbred lines
(RILs; Li et al., 2013) to further characterize the genetic
basis of AS.
Maize experienced a whole genome duplication (WGD) about
5–12 million years ago, subsequent to its divergence from the last
common ancestor shared with sorghum (Swigonova et al., 2004).
Two subgenomes within maize have been reconstructed using a
comparative genomics approach (Schnable et al., 2011). A recent
study showed subgenome1 has been under purifying selection
driven by tissue subfunctionalization (Pophaly and Tellier, 2015).
In addition, 13% of maize homeolog gene pairs are proposed to
have undergone regulatory neofunctionalization in leaf (Hughes
et al., 2014). So far no attempt has been made to investigate
AS in homeolog pairs within maize subgenomes. We present a
comparative genomics analysis of AS between maize homeologs
and their orthologous genes in sorghum that identified conserved
AS events, and revealed instances of AS absence in one versus the
other maize homeolog that likely represent AS loss after the maize
WGD event.

INTRODUCTION
Alternative splicing (AS) is a mechanism for generating multiple
isoforms from a single pre-mRNA by the regulated selection of
splice sites during mRNA processing. Recent estimates indicate
that about 95% of multi-exon genes in the human genome
undergo AS (Pan et al., 2008), in contrast to 61% in Arabidopsis
(Marquez et al., 2012). While exon skipping is the dominant
AS event in animals, intron retention events prevail in plants
(Barbazuk et al., 2008). AS is regulated by both cis-regulatory
elements and trans-elements such as hnRNP and SR proteins
(Reddy et al., 2012). AS not only contributes to increased protein
diversity (Graveley, 2001; Kazan, 2003), but also may regulate
protein levels by influencing relative isoform ratios (Wang et al.,
2008). Additionally, the study of UPF (up-frameshift) mutants
has suggested that purposeful production of unproductive
messages by AS in combination with nonsense-mediated decay
is a strategy used for post-transcriptional regulation of gene
expression by plants (Kalyna et al., 2012; Drechsel et al., 2013).
Maize has been the focus of extensive genetics and genomics
analysis as well as being an important crop. The maize genome
has been sequenced and assembled (Schnable et al., 2009) and
much recent effort has been given toward gene expression studies,
variant detection, epigenetics, and whole genome association
studies (Barbazuk and Mei, 2014). The present work focuses
on the use of publicly available RNA-Seq data to characterize
AS in B73 inbred maize. Herein, we describe a strategy for
assembling and characterizing AS isoforms from short-read
RNA-Seq data and apply this to define and characterize a
genome-wide collection of B73 transcripts and AS events. Using
this collection of AS events, we investigate differential AS of
pre-mRNA transcripts between 14 tissues in B73 maize.
Maize exhibits enormous genetic diversity, including extensive
copy number variation and presence–absence variation (PAV)
among inbred lines (Springer et al., 2009; Swanson-Wagner
et al., 2010; Hirsch et al., 2014). Utilizing publicly available
Mo17 RNA-Seq we investigate transcriptome diversity and
characterize B73 and Mo17 genotype specific differential AS
within five maize tissue types. Evidence suggests that there are
extensive AS changes during development and in response to
environmental stresses in plants (Staiger and Brown, 2013).
Thatcher et al. (2016) discovered AS in maize during drought
stress in ear, tassel, and leaf tissues, and in addition identified
differential splicing during seed development. We complement
this analysis by identifying genes that undergo differential
AS under temperature and drought stress between tissues in
B73, under mild and severe drought at different durations
in B73, and under temperature stress across B73 and Mo17.
Our specific focus on characterizing the biological relevance
of the extensive intron-retention events common to AS in
plants reveals that intron retention is regulated across seed
development independent of total transcript abundance, and
may serve a role in fine-tuning gene expression. Genetic
variation has been shown to influence splicing regulation
in plants (Zhang et al., 2011; Kesari et al., 2012; Thatcher
et al., 2014). A previous study in maize using the intermated
B73×Mo17 (IBM) Syn10 DH population mapped 235 genes,
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MATERIALS AND METHODS
Sequence Collection and Processing
We downloaded 27,455 Maize inbred line B73 full-length
cDNAs from the maize cDNA project1 and 765,748 ESTs from
NCBI. We used SeqClean2 to clean full-length cDNAs and
ESTs based on universal vector database. The 109,217 B73
ESTs were discarded due to low quality or short read length
(<100 bp). In addition, we downloaded over 8.1 billion publicly
available B73 Illumina RNA-Seq reads from 18 different tissues
(Supplemental Data 1) and B73 10 PacBio SMRT cells long
reads from seedlings (SRA053579). The 288,849 raw Mo17
ESTs were retrieved from NCBI and 164,956 were kept after
quality trimming. In addition, we collected 1.9 billion Mo17
RNA-Seq reads from 12 different tissues (Supplemental Data 1).
To determine cis- or trans-sQTL, we used 3.47 billion public
RNA-Seq data from a population of 105 B73×Mo17 RILs (Li
et al., 2013). The 106,603 sorghum sanger ESTs were collected
from NCBI and 797 million Illumina RNA-Seq reads from
40 sorghum samples (Dugas et al., 2011; Olson et al., 2014).
The 39,001 sorghum full-length cDNA data were downloaded
from DDBJ (DRX027767) (Shimada et al., 2015). Adapters were
removed from raw RNA-Seq reads with Cutadapt v1.1 (Martin,
2011) followed by low quality filtering with Trimmomatic v0.32
(Bolger et al., 2014) requiring a minimum length of 25 bp and
otherwise default settings. Trimmed reads were aligned to the
B73 RefGen_v2 in GSNAP version 20141216 (Wu and Nacu,
2010) with parameters “-s -B 5 –suboptimal-levels = 0 -m 0.05
-n 1 -Q -N 1 -w –novelend-splicedist -J 33 -j 0 –nofails –sammultiple-primaries –pairmax-rna” and using known maize splice
1
2

2

http://www.maizecdna.org/
https://sourceforge.net/projects/seqclean/
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sites detailed in RefGen_v2. Duplicate reads were removed with
Picard v1.115 MarkDuplicates3 and only unique alignments for
single end reads and concordant unique alignments for paired
end reads were kept for further analysis.

In Silico Validation of AS Using PacBio
Reads
The B73 Illumina reads from the same study together with PacBio
long reads (Martin et al., 2014) were quality trimmed and in silico
normalized with Trinity, and then used to error correct PacBio
long reads using three iterations of LSC 1.alpha (Au et al., 2012).
Corrected PacBio reads longer than 500 bp and aligned to B73
RefGen_v2 along ≥90% of their length with ≥95% identity in
PASA were compared to transcripts assembled from RNA-Seq
short reads with Cuffcompare v2.2.1. In house scripts were used
to assess differences in splice junctions.

Transcriptome Assembly and AS Isoform
Detection
Three transcript assembly platforms were used to maximize
isoform detection: (i) Cufflinks 2.2.1 (Trapnell et al., 2012) with
parameters “–GTF-guide –max-intron-length 8000 -b -F 0.05 –
no-faux-reads”; (ii) genome guided Trinity 2.0.4 (Grabherr et al.,
2011) with parameters “–genome_guided_max_intron 8000”;
(iii) and StringTie 1.0.0 (Pertea et al., 2015) with parameters
“-G -f 0.05 -j 2”. The collection of Cufflinks isoforms with
≥0.1 FPKM, StringTie, and Trinity defined isoforms, together
with filtered FLcDNA and ESTs were merged and aligned back
to the maize B73 RefGen_v2 with GMA (Wu and Watanabe,
2005) and clustered with PASA 2.0 (Haas et al., 2003) to remove
redundancy. We further filtered splice isoforms by requiring:
(1) splice junctions within the transcripts were confirmed with
splicing entropy score above 2 calculated using Spanki v0.5.0 with
default parameters (Sturgill et al., 2013); (2) retained introns had
a minimum median read coverage of 10 over a minimum of 90%
of the intron length and a minimal intron retention percentage
of 10% (Marquez et al., 2012); (3) each isoform had a minimum
FPKM of 1 and represented at least 5% of the isoform fraction
in at least one tissue examined. Supplemental Figure 1 illustrated
the details of this pipeline.

Identification of AS across B73 Maize
Tissues
We utilized two strategies to examine differences in AS.
Differential AS between tissues in B73, within a given tissue
but between genotypes, or between genotypes or tissues under
stress were detected by assaying for differentially spliced isoforms
between tissues. This analysis considered all five AS types
characterized above. Isoforms from a given gene are differentially
spliced if their relative ratios of abundance differ between the
samples compared. Differences in the relative ratios of isoforms
between tissues, for example, indicate tissue specific differences
in RNA processing decisions. Note that differential AS does not
necessarily reflect changes in overall expression at the locus.
Differential splicing was reported with the Cuffdiff utility from
the Cufflinks v2.2.1 package.
A second methodology was applied to examine changes in
exon skipping and intron retention isoforms to profile changes
in these two AS classes across different tissues in B73. For these
cases the intron retention ratio (IRR) of retained introns and
the percentage splice in (PSI) of skipped exons were determined.
Similar to Florea et al. (2013) isoforms of each AS event were
classified into an on or off mode. In the skipped exon event, the
canonical exon-containing splice isoform is “on” and the exon
skipped isoform is “off.” In an intron retention event the intron
retention isoform is “on” and the canonical intron splice isoform
is “off.” The IRR or PSI is = 6FPKMon /(6FPKMon + 6FPKMoff )
where FPKMon and FPKMoff represent the “on” and “off ” gene
expression levels for the appropriate AS isoforms calculated in
Cufflinks 2.2.1 defining the exon skipping (or intron retention)
events. If there are more than two isoforms that support the
same intron retention or exon skipping event, we sum up the
expression levels for all “on” isoforms and all “off ” isoforms.
We computed the IRR for intron retention isoforms, or the
PSI for exon skipping isoforms, using isoforms that exhibited a
minimum FPKM of 1 across all tissues. Those intron retention
or exon skipped isoforms with IRR or PSI values between 0.05
and 0.95 across all samples, respectively, were subjected to Ward’s
hierarchical clustering (Ward, 1963).
The smallest data set from the 18 tissues examined
(Supplemental Data 2) was from pericarp (20M unique
alignments after removing duplicates). To rule out bias from
different read depths among datasets, 20M unique alignments
were randomly selected from each of the remaining tissues
and the IRR and PSI values determined. A Pearson correlation

Classifying AS Events and Evaluating
Coding Potential
Five types of AS events (intron retention, alternative acceptor
site, alternative donor site, exon skipping, and alternate
terminal exon) were considered for this study. Candidate
coding regions of alternatively spliced isoforms were identified
using Transdecoder4 , and protein domains were identified with
HMMER3 (Eddy, 1998). We defined isoforms that may lead
to Nonsense Mediated Decay (Lewis et al., 2003) as those with
premature termination codons (PTCs) that share a start site with
the longest canonical transcript from the annotation and have
PTCs farther than 50 bp upstream of last exon–exon junction.
We paid special attention to maize transcription factor genes,
splicing related genes and ‘classic’ loci identified by mutation
and genetically characterized by the maize community. Maize
transcription factor families were obtained from GrassTFDB
(Yilmaz et al., 2009). Maize splicing related genes were obtained
from Splicing Related Gene Database (SRGD) in PlantGDB
(Duvick et al., 2008) and the coordinates were converted from
maize B73 RefGen v1 to v2. We are focusing on three categories of
splicing related genes based on the classification in SRGD: small
nuclear ribonucleoprotein (snRNP), splicing factors and splicing
regulation genes. Maize ‘classical’ loci were obtained from CoGe
(Schnable and Freeling, 2011).
3
4

http://broadinstitute.github.io/picard/
https://transdecoder.github.io/
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expected from aligning Mo17 RNA-Seq reads to the B73
reference. The identified Mo17 AS isoforms were merged with
the previously identified B73 isoforms to assess genotype specific
AS detection. Differential AS between B73 and Mo17 was
examined in five tissues that had deep RNA-Seq collections from
B73 and Mo17 including leaf, shoot apical meristem, root, seed,
and seedling tissues (Supplemental Data 2). Additionally, the
splicing differences between B73 and Mo17 during cold and heat
response were compared using AS isoforms constructed with
RNA-Seq data (Makarevitch et al., 2015).

analysis between IRR and PSI values from the random
subsampling alignments and IRR and PSI values calculated from
all data for each tissue was performed. The minimum Pearson
correlation values for IRR and PSI between subsampling and all
data in each tissue were 0.97 and 0.96, respectively (Supplemental
Figures 2, 3).
We selected 9 out of 18 tissues [ear, embryo, endosperm,
leaf, root, shoot apical meristem (SAM), seed, seeding and
tassel] based on their large sequence collections (n ≥ 121M
de-duplicated uniquely mapped reads) and multiple independent
samples (n ≥ 14) and calculated pairwise differential splicing
differences among these tissues using the Cuffdiff utility from
Cufflinks 2.2.1 (Supplemental Data 2). The differentially spliced
isoforms were further filtered to require at least one isoform in
each condition above an FPKM of 5, and at least one isoform
must be more abundant in one of the two conditions compared.

Splicing-QTL Analysis in the Inter-mated
B73 × Mo17 Recombinant Inbred Lines
(IBM RILs) Population
RNA-seq reads from B73 × Mo17 RILs and their B73 and Mo17
parents from (Li et al., 2013) were aligned to the B73 reference
genome (AGPv2) with both GSNAP and Tophat (Trapnell et al.,
2009). We identified 221,764 splice sites within 19,955 genes from
the B73 RefGen_v2 filtered gene set by both GSNAP and Tophat.
Of these, 126,189 splice sites from 18,819 genes were supported
by a minimum of 20 spanning reads and were considered ‘highconfidence.’ The 91,063 splice sites were common to both the
de novo detected ‘high-confidence’ splice site sets described
above. A subset of the overlapping splicing sites (N = 73,956)
each of which was supported by five reads per line on average and
known annotated introns were considered during subsequent
sQTL analysis.
To identify cis-splicing QTL (cis-sQTL) and trans-splicing
QTL (trans-sQTL) for each intron the IBM RILs individuals
were divided into two groups based on their genotype scoring
of cis-markers and trans-markers, respectively. Genetic markers
are genomic segments each of which harbors multiple single
nucleotide polymorphisms (SNPs). Each segment in each RIL
exhibits a consistent genotype, either B73 or Mo17, across all
SNPs on the segment (Liu et al., 2012). For each splicing site,
the genotype of a cis-marker is the genotype of the segment
in which the splicing site is located. Trans-markers are located
on different chromosomes relative to the associated splice
sites. The 4,892 markers were used in trans-sQTL analysis. To
minimize the potential bias due to the alignment preference
of reads from the B73 allele to the B73 reference genome.
For each splicing junction, the read count of the junction was
corrected by the count of other reads that were not on the
junction but on the same gene. The null hypothesis is that
there is no difference in the number of reads spanning a given
splice site between B73 and Mo17, which is determined by
comparing the relative expression of a given splice site to the
total expression of the gene containing the splice site, between
two RIL groups defined by genotyping scores suggestive of either
a cis-marker or a trans-marker. Differences in splice site read
counts normalized by the underlying gene expression were tested
using a binomial model with the overdispersion control. We
used the glm function implemented in R to detect differences
in splicing frequency between two RIL groups at each splice
site. Conceptually, the splicing frequency is the proportion of
splicing (intron-spanning) reads of a given splicing site among

AS Profiling during Seed Development
and in Response to Stress
Alternative splicing was profiled during seed development from
day 0 to day 38 using RNA-Seq data from a previous study
(Chen et al., 2014). We utilized IRR values as previously described
and required 1IRR values to be 1(38 day–0 day) > 0.15, with
the additional requirement that intron retention isoforms have
FPKM ≥ 1 and IRR between 0.05 and 0.95 from day 0 to
day 38. Hierarchical clustering of the 1IRR values was based on
Ward’s method using the Python seaborn.clustermap function
available within the seaborn package5 . We also compared the
gene expression values between day 0 and day 38 from those
loci with 1IRR > 0.15 using a Student’s t-test. Similar to the
AS comparison performed between tissues (above) differential
splicing was identified and compared using RNA-Seq data
(Makarevitch et al., 2015) that was acquired from maize seedlings
under controlled temperature, cold stress (incubated at 5◦ C for
16 h) and heat stress (50◦ C for 4 h). Similarly, RNA-Seq data
(Kakumanu et al., 2012) was used to assess differential splicing
between ovary (reproductive tissue) and leaf (vegetative tissue)
under well-watered and drought conditions. Finally, RNA-Seq
data (Opitz et al., 2014) was used to identify genes undergoing
differential splicing between seedling primary roots under mild
and severe water deficit relative to well-watered controls at
two time periods 6 and 24 h. All the stress related and seed
development RNA-Seq data in B73 is described in Supplemental
Data 1.

Identifying AS Differences between
Inbred Lines B73 and Mo17
Alternative splicing isoforms in Mo17 were constructed
using publicly available Mo17 RNA-Seq data from 12 tissues
(Supplemental Data 2) using the same methods described to
detect AS in B73 with the additional use of a SNP tolerant
GSNAP alignment step (option -use-snps) For this, previously
described B73/Mo17 sequence variants (Paschold et al., 2012)
were taken into consideration to correct for mapping bias
5

http://seaborn.pydata.org/generated/seaborn.clustermap.html
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and their sorghum ortholog; (2) Conserved between the maize
subgenome1 homeolog and sorghum, but absent from the
maize subgenome2 homeolog; (3) Conserved between the maize
subgenome2 homeolog and sorghum, but absent from the
maize subgenome1 homeolog; and, (4) Conserved between both
maize subgenome1 and subgenome2 homeologs but absent from
the sorghum ortholog).

the total number of reads from the corresponding gene. A false
discovery rate (FDR) correction was applied to account for
multiple tests (Benjamini and Hochberg, 1995) associated with
cis-sQTL. Given the expensive computation required for the
trans-sQTL study and the independence of markers within
chromosomes, neither a standard permutation test, nor a FDR
method was used during the trans-sQTL analysis. Instead, a
modified Bonferroni multiple test correction (Li et al., 2013)
was used to obtain the p-value cutoff for extracting significant
trans-sQTLs. Briefly, each chromosome was divided into 100
equal sized regions and all markers within a given region
were merged and treated as a single marker to reduce total
number of tests. The final p-value cutoff, 6.15e − 09, was
determined through dividing 0.05 by the total number of tests.
The tests showing p-values lower than this final cutoff were
considered as significant trans-sQTLs. To identify enrichment of
SNP polymorphisms near splice sites, 9 bp 50 (CAGGURAGU)
and 3 bp 30 (AGG) segments that include each splice site were
assessed for SNPs previously defined between B73 and Mo17
(Paschold et al., 2014). In addition, 1 and 10 Mb sequence
segments flanking trans-sQTL were examined for the presence
of known splice related gene loci using BEDTools (Quinlan and
Hall, 2010).

GO Term Enrichment
GO term enrichment analysis was performed using the agriGO
analysis toolkit (Du et al., 2010). We used the Fisher exact test to
detect enriched GO categories, with multiple testing correction
using the Hochberg FDR method with a minimal adjusted p-value
of 0.05.

RESULTS
Nearly 60% of Expressed Multi-exon
Genes in B73 Exhibit Evidence of AS
The 8.1 billion public RNA-Seq reads from 18 B73 tissues
were used to identify AS in B73. A B73 transcriptome was
assembled using each of three reference guided short-read
transcript assembly strategies with the approximately 3.4 billion
reads that remained after quality filtering and removal of
non-unique aligned reads (see Materials and Methods). The
assembled transcripts constructed by each assembler were pooled
along with 522,672 Sanger sequenced ESTs (>200 bp) and
27,412 full-length cDNAs available from GenBank, and clustered
with PASA (Haas et al., 2003). PASA clustering resulted in
157,767 transcripts defining 31,027 multi-transcript loci, and
these were further filtered based on splice junction coverage,
intron coverage and isoform expression and AS event type.
Only those isoforms representing intron retention, alternative
acceptor, alternative donor, exon skipping or alternate terminal
exon AS events that overlap with B73 RefGen_v2 gene loci
were considered. In total, we identified 50,083 isoforms within
14,321 gene loci (Figure 1A), which represents 46.6 and 59.7% of
expressed multi-exon genes in the working and filtered gene sets,
respectively – note that one gene could have multiple AS events.
In total, we identified 53,692 AS events in B73 (Supplemental
Table 1).

Comparison of AS between Homeologs
in the Maize Subgenomes and Their
Orthologs in Sorghum
Orthologous gene sets between maize subgenome1, subgenome2,
and sorghum were identified using previously described
methodology (Schnable et al., 2011). Alternative splice isoforms
within maize subgenome1 and subgenome2 were identified
within the global set of B73 isoforms, and sorghum AS isoforms
were detected using the pipeline described above for AS detection
in B73. Conserved AS events were recognized by identifying the
junctions flanking the AS event within each AS isoform (e.g.,
the 50 and 30 flanking junctions of an alternatively spliced exon
within an exon-skipping isoform), and extracting up to 300 bp of
anchor nucleotide sequence on both sides of the splice junctions.
We termed these as splice anchor sequence tags (SAST).
Collections of SASTs from maize subgenome1, 2 and sorghum
were constructed for each of the five splice events examined,
The SAST from the same AS events in maize subgenome1, 2
and sorghum were tBLASTx aligned using WU-BLAST (Gish,
W. 1996–2003)6 and only alignments with an E-value of 1e − 5
or lower were considered. Alignments between SASTs that were
derived from members of the same triplet gene group defined
by maize subgenome1 and subgenome2 homeologs and their
sorghum ortholog defined conserved AS events. Alignments
between SASTs less than 30 bp in two of the members were not
considered. Additionally, the E ≤ 1e − 5 criteria was relaxed if
well aligned SASTs were less than 100 bp in length. Conserved
AS events within maize subgenome1, subgenome2, and sorghum
were classified into four different categories; (1) Conserved
between both maize subgenome1 and subgenome2 homeologs,
6

In Silico Validation of Short-Read AS
Transcript Assemblies with PacBio Long
Reads
To assess the accuracy of isoform and splice junctions
constructed from short read data, short read assemblies were
evaluated against long reads from 10 PacBio SMRT cells
made available by Martin et al. (2014). The PacBio long
reads were error corrected by LSC (Au et al., 2012) using
the Illumina short read data from the same study (Martin
et al., 2014). The 6,468 PacBio reads longer than 500 bp were
aligned to B73 RefGen_v2 along ≥90% of their length with
≥95% identity and clustered into 2,480 multi-exon transcript
isoforms by PASA. The 8,862 splice junctions were defined

http://blast.wustl.edu
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FIGURE 1 | Genome-wide AS event distributions and patterns. (A) Graphic of event types followed by the number of AS isoforms and the number of genes that
demonstrate this type of splicing event in maize inbred lines B73 and Mo17, and sorghum. (B) Proportions of alternative splicing events (alternative acceptor, AltA;
alternative donor, AltD; Exon Skipping, ExonS; Intron Retention, IntronR; alternate terminal exon, AltTE) found in maize inbred lines B73 and Mo17, and sorghum.

(Supplemental Figure 4A). The 45.4% of intron retention events
impact the coding region, which is the highest among five
AS types (Supplemental Figure 4A). In general, 1/3 of the
AS events preserve reading frame, which is similar to results
expected for stochastic splicing (Satyawan et al., 2016); however,
approximately 40% of predicted exon skipping and alternative
acceptor events maintain the original reading frame suggesting
that at least some AS events are not random splicing errors
(Supplemental Figure 4B).
The impact of the B73 maize AS events on protein domains
was assessed by examining changes to the predicted coding
regions of AS isoforms in silico. The proportion of AS transcripts
from each event type predicted to alter protein products
is greatest for alternate terminal exon events (33.2%), while
approximately 20% for the others (Supplemental Figure 4C).
Predicting the translation start site within assembled AS
transcripts can be error-prone, particularly if the transcript is not
50 complete (Brown et al., 2015). Considering those isoforms that
have identical translational start sites to the longest transcripts
previously reported within the reference annotation identifies
that 33,634 (67%) isoforms contain a start site identical to the
original annotation and 15,455 (31%) of these also contain PTCs
(Supplemental Figure 4D; Nagy and Maquat, 1998). The 10,236

by these 2,480 isoforms, of which 8,850 (99.8%) exist within
our RNA-Seq splice junction database and 8,766 (98.9%) were
represented within our short-read transcript assemblies. The
95.2% of the 2,480 PacBio defined isoforms were identical
to (1,053 isoforms), or contained within (1,307 isoform)
transcripts assembled by short reads. The remaining 120 are
potentially novel.

Functional Characterization of AS
Isoforms
The 13,529 out of 14,321 genes that produce AS transcripts are
annotated as protein coding genes in the RefGen_v2 working
gene set; 281 of these are annotated as pseudo-genes; 511
are annotated as transposable elements. Consistent with other
reports (Thatcher et al., 2014; Chamala et al., 2015) intron
retention was the most commonly observed AS event (Figure 1B)
and accounts for 23,588 (47.1%) of predicted AS isoforms
(Supplemental Table 1). This is followed by alternative acceptor,
alternative donor, alternate terminal exon and exon skipping.
PASA prediction update the UTR regions of the final set of
50,083 assembled AS transcript isoforms revealed that 41.6%
of the AS events occurred in the coding region, and 27.6
and 30.8% occur within 50 and 30 UTR regions, respectively
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relative to the remaining tissues examined (Figures 2B,C).
The list of genes exhibiting differential splicing in pairwise
comparisons among the nine tissues is described in Supplemental
Data 4. It is noteworthy that the number of multi-exon genes
that produce alternatively spliced transcripts is highest in
reproductive tissues: ovary and anther (Supplemental Figure 6A),
yet these tissues do not cluster together. This suggests that
despite a shared proclivity for AS, maize male and female
reproductive tissues probably have distinct splicing profiles
suggestive of distinct mRNA processing programs. Here, we
show that the patterns of AS splicing in maize are often distinct
from gene expression patterns, which is also observed in the
human Genotype-Tissue Expression (GTEx) project (Ardlie et al.,
2015).
To examine the relationship between AS and gene expression
during seed development, 242 intron retention events with IRR
values that differ by a minimum of 0.15 between day 38 and day
0 were selected, and their IRR changes examined during seed
development from day 0 to day 38 (Figure 3A). The IRR profiles
of these 242 intron retention events indicates that IRR values
gradually increase from early to late development giving rise to
three distinct expression clusters consistent with the definition
of the seed development stages (Chen et al., 2014). Hierarchical
clustering of the expression of the 209 genes associated with these
242 intron retention events indicates that their expression shows
distinct patterns during development (Figure 3B) with significant
differences among gene expression values (P = 1.2 × 10−4 ,
Student’s t-test) when comparing only day 0 to day 38
(Figure 3C). GO term enrichment analyses suggest these genes
are over-represented for kinase and phosphotransferase activity
(Supplemental Figure 7). The negative correlation between gene
expression and intron retention values is observed between early
and middle seed development stages, and also between early
and late development stages (Figure 3D). However, this negative
correlation is not evident between middle and late development
stages (Figure 3D). This result suggests that, similar to the
role of intron retention during neuron differentiation, terminal
erythropoiesis and CD4+ T cell activation (Braunschweig et al.,
2014; Ni et al., 2016; Pimentel et al., 2016), intron retention in
maize may fine-tune gene function during seed development by
further reducing the expression of low abundance transcripts
that are no longer required, particularly during the early
and middle seed development stages (0–28 days) that are
characterized by cellularization and differentiation (Sabelli and
Larkins, 2009).

(66%) of the PTC containing isoforms are the result of intron
retention while 1,619 (10%) PTC isoforms are the result of exon
skipping.
Transcription factors are important regulators of development
and stress response. Members of several transcription factor
families including bHLH, bZIP, NAC, MYB, Homeobox, WRKY,
and MYB-related exhibit AS (Supplemental Figure 5), and the
functional importance of some AS isoforms of TF genes have
been characterized (Szécsi et al., 2006). In addition, many plant
genes that function to regulate AS, such as splice factors and
components of the spliceosome, also undergo extensive AS
(Braunschweig et al., 2013). For example, our analysis determined
that 19/21 maize SR protein genes undergo AS. Overall, our
analysis suggests that similar proportions of maize snRNP and
splicing factor genes undergo AS, while a greater proportion
of splicing regulator genes undergo AS relative to snRNP and
splicing factor genes (Supplemental Table 2). Among the 446
maize loci that represent ‘classical maize genes’ (Schnable and
Freeling, 2011) 184 produce AS transcripts. The details of AS
events associated with these genes are described in Supplemental
Data 3. Some AS among these ‘classical’ loci had been previously
discovered and characterized further emphasizing the important
roles that AS isoforms play in plant growth and development
[e.g., AS of the waxy loci (GRMZM2G024993) changing the
amylose content in the rice cultivars (Varagona et al., 1992) and
AS at r1 (GRMZM5G822829)] – a bHLH transcription factor
involved in anthocyanin biosynthesis (Procissi et al., 2002).

Splicing Differences between Tissues
and Development Stages
Starch endosperm and aleurone have a noticeably different
number of AS genes and AS frequencies among different
AS types relative to the other 16 tissues for which data
was available, and these were removed from further analyses
(Supplemental Figures 6A,B). The remaining 16 B73 tissues were
used to examine tissue specific differential AS (see Materials
and Methods), and correlation analysis suggested that read
number differences between these data sets would not bias
expression results (see Materials and Methods). An unsupervised
clustering analysis was performed on the expression of exon
skipping events (PSI value), intron retention events (IRR value)
and overall gene expression and used to infer similarities
and differences in exon skipping, intron retention and overall
expression between tissues (Figure 2A). Similar to the results
from Maize Gene Expression Atlas (Stelpflug et al., 2015), leaf
tissue expression was part of an outlying cluster in all three
clustering conditions. Seedling expression data is represented
within the outlying group in both IRR and gene expression
clustering but not in the PSI clustering. Ovary expression data
represents an outlier in terms of IRR and PSI, but does not cluster
within an outlying group based on in gene expression suggesting
that reproductive tissue (ovary) has a distinct tissue specific
splicing pattern. Differential splicing examined in a pair-wise
fashion between nine tissues (ear, embryo, endosperm, leaf, root,
SAM, seed, seedling, and tassel) suggests that genes expressed
in the seed undergo the highest levels of differential splicing
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AS Response to Temperature and
Drought
Plants alter splicing patterns in response to temperature stress
(Filichkin et al., 2010; James et al., 2012; Chang et al., 2014;
Capovilla et al., 2015). Differential AS in association with
temperature stresses was examined in maize using RNA-Seq
data from seedlings (Makarevitch et al., 2015). Analysis of
this data identified 1,045 maize genes that exhibit differential
splicing between cold treated maize tissues and controls.
Additionally, 985 maize genes exhibit differential splicing
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FIGURE 2 | AS difference among different tissues. (A) Characterization IRR, PSI, and gene expression across 16 different B73 tissues. Intron retention and exon
skipping isoforms presented required an FPKM ≥ 1 IRR or PSI values between 0.05 and 0.95 across all tissues. All genes presented in the expression analysis panel
were required to have FPKM ≥ 1. Hierarchical clustering was performed using the Ward’s method after a log transform. Outlying clusters are boxed. (B) Number of
differential splicing genes for pairwise CuffDiff comparison among nine tissues in B73. Results were filtered to ensure that at least one isoform for each gene was
present at FPKM ≥ 5 in each condition and that at least one isoform for each gene is higher expressed in each condition. Considering the variability and multiple
datasets, FPKM 5 was chosen to be stringent to filter noise in the differential splicing results. (C) Based on the differential splicing results between seed and other
tissues (B and Supplemental Data 4) potential present and absent (PAV) isoforms can be detected. Those isoforms with expression levels >2 FPKM in one tissue
and <0.1 in the other were considered to be PAV.

between heat-stressed plant tissues and controls with 414 of
these common to both heat and cold responses (Figure 4A).
GO enrichment analysis applied to genes exhibiting differential
splicing common to both heat and cold stress identified
an enrichment in genes involved in regulatory processes
(Supplemental Figure 8). Of the 21 SR protein genes in maize,
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five and four genes were differentially spliced in response
to cold and heat, respectively (Supplemental Data 5); two of
these SR protein genes, zm-SC30 (GRMZM2G016296) and
zm-SCL30 (GRMZM2G065066), are predicted to produce
splice isoforms in response to both cold and heat stresses that
differ from control temperature samples. Among 40 hnRNP
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FIGURE 3 | Intron retention dynamics during seed development. (A) Intron retention isoforms require a minimum FPKM of 1 and intron retention ratio (IRR)
values between 0.05 and 0.95 from 0 to 38 days across all seed development stages. Hierarchical clustering the IRR values 1(day 38–day 0) > 0.15 using the
Ward’s method. (B) Identification of gene expression values for those intron retention events in (A), hierarchical clustering was based on log transformed gene
expression values. (C) A comparison of expression levels at seed development 0 and 38 day from genes that produce intron retention events with IRR values
1(38 day–0 day) > 0.15, p-value was calculated by Student’s t-test. (D) Gene expression and IRR trends across different stages of seed development. Each point
represents a sample. The average IRR from genes that exhibit IR (1IRR > 0.15) is plotted against their average gene expression across development.

or hnRNP related genes, four and one genes show differential
splicing in response to cold and heat, respectively (Supplemental
Data 5). Two hnRNP A/B family genes (GRMZM2G139643
and GRMZM2G167356) and two hnRNP genes with
homologs in animals (GRMZM2G177001 = CUG-BP1-2
and GRMZM2G103430 = hnRNP-R1) exhibit differential
spicing in response to cold treatment, while only one hnRNP
gene (GRMZM2G467907) exhibits differential splicing during
heat stress. These results suggest that SR and hnRNP genes
respond differently to temperature stresses.
Drought is a complex abiotic process that has both short and
long duration effects on plants. Tissues are affected at separate
rates and exhibit different responses to drought (Thatcher
et al., 2016). Re-analyzing data from Kakumanu et al. (2012)
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identified 281 and 204 genes that exhibit differential splicing
during drought stress within ovary and leaf, respectively. Only
14 of these genes are common to both tissues suggesting that
reproductive and vegetative tissues respond differently to drought
stress and this is accomplished, in part, through differential AS
(Figure 4B). It takes time for plants to respond to drought,
thus it seems reasonable to expect that both the length and
severity of the drought period may elicit differing effects that
would influence how plants respond to drought. RNA-Seq data
from roots (Opitz et al., 2014) subjected to drought for two
durations (i.e., 6 and 24 h) and two intensities (i.e., mild and
severe) were examined (Figure 4C). No differential splicing was
detected at 6 h under mild drought, but 10 genes exhibited
differential splicing when subjected to severe drought for 6 h.
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Differential Splicing between Maize
Inbreds
Alternative splicing was identified in maize Mo17 using the
pipeline described previously (Materials and Methods). Fewer
alternatively spliced isoforms were detected in Mo17 than in
B73, potentially due to less data in Mo17 (Figure 1A), although
the distribution of different types of AS events is similar
(Figure 1B) and intron retention is also the predominant AS
type (Supplemental Table 1). Cuffdiff analysis between Mo17
and B73 for each tissue, or treatment was performed (see
Materials and Methods, Figures 5A–E and Supplemental Data 7)
and seeds exhibited the greatest difference in AS; 1,168 genes
expressed in seed exhibited differential AS between B73 and
Mo17 (Figure 5C). Additionally, B73 was compared to Mo17
under both heat and cold stress to identify genes that are
differentially spliced in response to either stress. There were 83
genes that exhibit differential AS between B73 and Mo17 under
cold stress and 72 genes that exhibit differential AS between B73
and Mo17 under heat stress. Among these two differential spliced
gene lists, 46 genes were in common (Figure 5F) suggesting that
the stress response mechanisms for both heat and cold partially
overlap between genotypes while also demonstrating genotype
specific differences in AS in response to cold and heat at these
loci.

FIGURE 4 | AS associated with stress response. (A) Differentially spliced
genes within seedlings induced in response to cold or heat treatment.
(B) Differentially spliced genes within ovary vs. leaf induced in response to
drought treatment. (C) Differences in the numbers of differentially spliced
genes within root tissue subjected to mild vs. severe drought for short (6 h) vs.
long (24 h) durations.

Genetic Control of AS: Identification of
Splicing QTL
A high confidence collection of splice sites was identified as
illustrated in Figure 6A; each is supported by at least 20 intronspanning reads. In total, we modeled 73,956 splice junctions
in the sQTL analysis that were supported by both GSNAP
and Tophat splice alignment (See Materials and Methods). To
identify sQTL, a binomial model was used to test the null
hypothesis that no difference exists in the splicing odds at
each of these splice sites among the IBM RILs sorted into
B73-type and Mo17-type RILs at each genetic marker. To identify
cis-sQTL, 73,957 splice junctions supported on average by at
least five reads per RIL were examined. At an FDR of 5%,
20,708 (28%) of the tested splice junctions exhibited a significant
difference in splicing odds between B73-type and Mo17-type
RILs. Using a more stringent criterion that required at least
a two-fold change in splicing odds, splicing of 565 and 1,437
introns were up-regulated and down-regulated in Mo17 relative
to B73, respectively (Figure 6B). To validate the cis-sQTL,
2,002 significant splice junctions were overlapped with the splice
junctions identified earlier in the analysis. The 701 (35.0%)
and 512 (25.6%) cis-sQTL splice junctions, respectively, overlap
with B73 and Mo17 alternatively spliced junctions identified
with our AS identification methods (Figure 6C). The 43.3% of
cis-sQTL splice junctions overlapped with merged alternatively
spliced junctions between B73 and Mo17, which indicates
our cis-sQTL analysis indeed captured a large proportion of
alternative spliced junctions. In addition, SNP polymorphisms
between B73 and Mo17 around each splice junction were
examined. Among the 2,002 cis-sQTL junctions that exhibited
at least two-fold change in splicing odds, 179 (8.9%) contain

When the duration of drought was increased to 24 h, 11 genes
exhibited differential gene splicing under mild drought, while 43
genes were differentially spliced under severe drought conditions.
Seven genes that exhibit differential splicing were shared by mild
and severe drought. These results suggest that the regulation
of splicing differs between early and late drought response and
these differences may relate to differences in the physiological
response associated with these different stress conditions. There
is one gene that undergoes differential AS that is shared between
6 and 24 h severe drought response but not detected in mild
drought response: cyc3 (GRMZM2G073671). cyc3 is a maize
cyclin gene that plays a role during the G2/M transition of
the cell cycle (Renaudin et al., 1994). Type B cyclin genes are
maximally expressed during the G2/M transition and M phase
(Kakumanu et al., 2012). Drought has been shown to disrupt
the cell cycle, and inhibits cell proliferation by down-regulating
cell cycle genes in leaf and ovary tissue (Kakumanu et al., 2012;
Avramova et al., 2015). Interestingly, during mild or severe,
6 or 24 h drought the expression level of the cyc3 isoform
without the retained intron (GRMZM2G073671_asmbl_272716)
is greatly reduced (almost zero) (Supplemental Table 3), while
expression of GRMZM2G073671 decreased as well during
drought stress. Intron retention may act to switch from a
functional cyc3 to a non-functional cyc3 transcript under drought
stress, which may assist in halting the cell cycle and slowing
growth. Genes exhibiting differential splicing in response to
stresses described above are described further in Supplemental
Data 6.
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FIGURE 5 | Genotype specific AS between B73 and Mo17. For figures (A–E) numbers in the left portion of the Venn diagrams (green) represent isoforms absent
in B73 but present in Mo17; numbers in the right portion of the Venn diagrams (yellow) represent isoforms absent in Mo17 but present in B73. Numbers in the
overlap regions represent isoforms follow other patterns, but also in differentially spliced genes. (A) Differential AS between B73 and Mo17 in leaf tissue.
(B) Differential AS between B73 and Mo17 in SAM tissue. (C) Differential AS between B73 and Mo17 in seed tissue. (D) Differential AS between B73 and Mo17 in
seedling tissue. (E) Differential AS between B73 and Mo17 in root tissue. (F) Genes that undergo differential AS between B73 and Mo17 in response to cold and
heat stress. The number of genes that are differentially spliced between Mo17 and B73 under cold stress that are not responsive to heat stress are presented on the
left. The number of genes that are differentially spliced between Mo17 and B73 under heat stress that are not responsive to cold stress are presented on the right,
The number of genes that are differentially spliced between Mo17 and B73 under both heat and cold stress are presented at the interface.

Some trans-sQTLs are regulated only by the Mo17-type marker
genotype but not the B73-type, such as the splice junction at
position chr2_185611871_185612044 in GRMZM2G077718
(Figures 7E,F). It has been hypothesized that this type of
interaction could contribute to hybrid vigor (Schnable and
Springer, 2013). We examined the overlap of the trans-sQTLs
with known splicing-related genes (see Materials and Methods).
The 86 (25.9%) and 160 (48.2%) trans-sQTLs are located within
1 and 10 Mb distance to a splicing related gene, respectively. The
overlap frequencies were similar to previous discovery based on
isoform ratio analysis (Thatcher et al., 2014) and also suggested
that much more hidden “splicing code” remains to be discovered.

polymorphisms within a 12 bp region including 9 bp region
downstream of the 50 splice site (CAGGURAGU) and 3 bp
region upstream of the 30 splice site (AGG). In comparison,
only 2.6% (1,940/73,957) of all splice junctions used to examine
cis-sQTL harbor polymorphic SNPs. Polymorphisms around
splice junctions between B73 and Mo17 are significantly enriched
at cis-sQTL splice junctions (P < 0.0001, Chi-square test with
Yates correction).
The genetic associations between each marker on all
chromosomes other than the chromosome on which a
given splice junction is located were examined to identify
trans-sQTL. Altogether, more than 322 million statistical tests
were performed. Interaction between cis- and trans-markers were
included in the statistical model. In total, 7,672 pairs of splice
junction by statistically significant trans-sQTL were detected.
Based on final p-value 6.15e − 09 accounting for multiple tests,
413 trans-regulated splice junctions and their trans-sQTLs were
identified (Figure 7A). In additional, 43 trans-regulated splice
junctions showed significant interactions between genotype of
the markers and splice junctions (Figure 7B). Some trans-sQTLs
are regulated similarly between B73-type and Mo17-type marker
genotypes, such as the trans-regulation of an intron in the
zinc finger family protein (GRMZM2G056524; Figures 7C,D).
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Examining AS in the Subgenomes of
Maize and Sorghum to Identify Lost and
Novel Isoforms
We identified 15,744 AS events in sorghum with intron retention
the most predominant AS type (Supplemental Table 1). These
AS events are distributed within 19,407 isoforms from 6,839
genes (Figure 1A). A comparative genomic analysis defined 6,489
gene triplets composed of maize subgenome1 and subgenome2
homeologous genes and their sorghum ortholog (see Materials
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FIGURE 6 | Cis-sQTL analysis. (A) Flow chart describing the splicing QTL analysis. (B) Cis-sQTL results. Blue indicates higher expression in B73 (more intron
junction read coverage), while green indicates higher expression in Mo17 (more intron junction read coverage). (C) Overlap between cis-sQTL junction and the
alternatively spliced junction in each AS events in genotype B73 and Mo17.

and Methods). The 4,121 triplets remain after filtering out those
containing tandem duplicates and requiring at least two of three
triplet genes to be multi-exon and expressed. Within these 4,121
triplets, 2,093 (50.8%) subgenome1 gene members, 2,108 (51.2%)
subgenome2 gene members and 1,290 (31.3%) sorghum gene
members exhibit AS. The 91 (7.1%) sorghum genes produce
alternative splice isoforms that are also conserved within the
corresponding subgenome1 and subgenome2 homeologous gene
pairs, while 326 (25.3%) of sorghum genes produce alternatively
spliced isoforms within either the corresponding region of
subgenome1 or subgenome2. Combined, these data identify
375 (29.1%) out of 1,290 sorghum AS genes conserved with
maize. There is no detectable bias in AS between subgenome1
and subgenome2, nor in the number of conserved alternative
splice isoforms from subgenome1 or subgenome2 with sorghum,
despite reported expression biases associated with the maize
subgenomes (Schnable et al., 2011). There are 235 genes (11.2%)
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from the 2,093 alternatively spliced subgenome1 genes that have
a conserved alternatively spliced isoform with their sorghum
ortholog, and 246 genes (11.8%) from the 2,108 alternatively
spliced subgenome2 genes that have a conserved alternatively
spliced isoform with their sorghum ortholog (Table 1). This
result agrees with results in wheat; no bias in percentage of
AS was detected between subgenomes (Akhunov et al., 2013).
Given that sorghum and modern maize share a common
ancestor approximately 12 MYA (Swigonova et al., 2004),
the instances of conserved isoforms between the subgenome1
homeolog and the sorghum ortholog where the isoform is
absent from the subgenome2 homeolog; or, conserved isoforms
between subgenome2 homeolog and the sorghum ortholog where
the isoform is absent from the subgenome1 homeolog, likely
represent instances where this isoform existed within a lineage
ancestral to maize and sorghum but was lost in one or the other
maize homeologs subsequent to the maize WGD. Likewise, some
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FIGURE 7 | Trans-sQTL analysis. (A) Distribution of trans-sQTL on the maize chromosomes. (B) Interaction between the marker and the junction. Blue: significant
trans-effect but not significant cis- trans- interaction. Green: significant trans-effect and significant cis- trans- interaction. (C) QTL peak associated with the splice
junction chr8_58723765_58725573. (D) Expression patterns for junction chr8_58723765_58725573 associated with four different allelic contributions (two alleles
for the marker and two alleles for the junctions, the first letter represents the allele for marker and the second letter represents the allele for junction): BB, BM, MB,
and MM. (E) QTL peak associated with the splice junction chr2_185611871_185612044. (F) Expression patterns for splice junction chr2_185611871_185612044
associated with four different allelic contributions two alleles for the marker and two alleles for the junctions, the first letter represents the allele for marker and the
second letter represents the allele for junction): BB, BM, MB, and MM.

Our methods demonstrate the ability to rapidly assemble and
characterize AS isoforms from short RNA-Seq that can be
applied to any species with available RNA-Seq and a draft
genome assembly. Although short-read transcript assembly is
still challenging (Pertea et al., 2015), PacBio Iso-Seq is relatively
low throughput, costly, and requires deep sampling to recover
rare isoforms and perform expression analysis (Sharon et al.,
2013) and may be better suited for generating a reference
transcriptome catalog that can support quantitative analyses with
short-read data sets (Wang et al., 2016). Junctions detected within
the maize Iso-Seq data produced by Martin et al. (2014) are
largely represented within our assembled transcripts. Recently,
a second published collection of B73 Iso-Seq data (Wang et al.,
2016) has been described and is substantially increased in
transcripts and isoforms relative to the Martin et al. (2014)
collection, but this also required substantial investment, is
limited to a small number of tissues and provides a qualitative
analysis of transcript/isoform diversity. The short-read RNA-Seq
isoform assembly methodology described herein provides a
useful method to assess transcript isoform diversity across
tissues, genotypes and treatments using any public RNA-Seq

of the events present in either (but not both), maize subgenomes
and absent from sorghum may represent events that were
acquired after the WGD event in Zea mays. Finally, there are 259
genes with alternative splice isoforms that are conserved between
the subgenome1 and subgenome2 homeologs, but absent from
the sorghum orthologs. While we cannot rule out the possibility
that some events were missed as a result of incomplete sampling
in sorghum, it is possible that some of the alternatively spliced
isoforms present in either or both subgenomes of maize but
absent in sorghum represent maize specific events that evolved
after the divergence of maize and sorghum lineages. However,
it is also possible that some of these events were shared within
a common ancestor and subsequently lost in sorghum. The
most likely origin of these events would require assessment of
conserved splicing in additional out-group lineages.

DISCUSSION
This study describes a rigorous computational method to identify
and characterize AS transcripts from short-read RNA-Seq data.
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TABLE 1 | Conserved AS between maize subgenomes and sorghum.
All conserved
Maize1
IntronR

AltA

AltD

ExonS

AltTE

Total

Maize2

Maize1 Sorghum

Sorghum

Maize1

Maize2 Sorghum

Sorghum

Maize2

Maize1 Maize2

Total conserved

Sorghum

Maize1

Maize2

Maize∗

Sorghum∗

Clusters

40

40

40

84

84

68

68

265

265

192

192

Events

47

48

51

96

97

79

79

303

299

270

227

Genes

36

36

36

74

74

65

65

213

213

203

165

Clusters

39

39

39

57

57

65

65

32

32

161

161

Events

49

52

50

65

68

78

76

42

42

244

194

Genes

38

38

38

55

55

64

64

31

31

193

150

Clusters

19

19

19

35

35

38

38

36

36

92

92

Events

23

21

19

41

50

45

40

44

38

130

109

Genes

19

19

19

35

35

38

38

36

36

111

92

Clusters

9

9

9

16

16

17

17

11

11

42

42

Events

9

10

9

16

17

17

17

11

11

52

43

Genes

8

8

8

16

16

16

16

11

11

48

39

Clusters

0

0

0

11

11

6

6

6

6

17

17

Events

0

0

0

14

13

10

10

9

6

24

23

Genes

0

0

0

11

11

6

6

6

6

17

17

Clusters

107

107

107

203

203

194

194

350

350

504

504

Events

128

131

129

232

245

229

222

409

396

720

596

Genes

94

94

94

172

172

173

173

273

273

505

395

Values are reported for clusters, events, and genes. ∗ Total conserved in maize represents clusters, events, or genes within maize1 and maize2 from all conserved, maize1
from maize1 sorghum conserved and maize2 from maize2 sorghum conserved.

relationship between gene expression and intron retention.
Shen et al. (2014) classified soybean genes into high AS genes
or low AS genes based on the number of AS isoforms and
compared their expression levels, while Thatcher et al. (2016)
identified and examined differential splicing and differential gene
expression in seed, endosperm and embryo across development.
However, neither of these studies reported a direct relationship
between intron retention and gene expression. Braunschweig
et al. (2014) reported a negative correlation between gene
expression and intron retention during neuron differentiation
in embryonic stem cells, and suggested that intron retention
may fine-tune gene function during differentiation by further
reducing the expression of low abundance transcripts that
may be no longer necessary in the tissues they are detected
in. In these cases, expression is not entirely shut-off, but
splicing is regulated to increase production of non-functional
isoforms. This analysis suggests that an analogous process
may be occurring during maize seed development. During
cell differentiation in seed development, intron retention may
fine-tune protein levels by reducing the levels of functional
transcripts from loci whose products are irrelevant to the specific
seed tissue or developmental time point they are expressed
in, without the need to shut down transcription entirely.
A similar mechanism is utilized by the TFIIIA locus in plants
(Fu et al., 2009; Barbazuk, 2010). GO enrichment analysis
on the set of genes that increase intron retention abundance
during seed development suggests enriched signaling and cell
communication (Supplemental Figure 7). Shunting message
processing toward the production of non-functional transcript
isoforms that are subject to nonsense mediated decay has the
potential to regulate protein levels post-transcriptionally (Lewis

data available for organisms with reference genome sequences,
although one must remain aware that short-read assembly can be
error prone (Steijger et al., 2013).
Alternative splicing is regulated by the “splicing code”
(Wang and Burge, 2008; Reddy et al., 2012) consisting of
cis-regulatory elements such as exonic splicing enhancers
and silencers (Fu and Ares, 2014) and intronic splicing
enhancers and silencers (Yeo et al., 2007), and trans-regulatory
elements (Busch and Hertel, 2012). In this study, we identified
similarities and differences between gene expression patterns
and splicing between tissues (Figure 2A). Seed has a greater
abundance of genes that undergo differential splicing than the
other 15 tissues assessed. This observation underscores earlier
reports characterizing splicing in developing seed that suggests
splicing plays an active role (Sugliani et al., 2010; Fouquet
et al., 2011), and by our observation that the abundance
of intron-retention splice isoforms changes as seeds develop.
Similar to Thatcher et al. (2014) who suggested that single
tissue specific isoforms are rare in maize, most instances of
differential splicing we observed result in changes in the relative
abundance of isoforms that are expressed within both tissues
being compared, and strict tissue specific isoform expression,
detected as presence/absence of particular isoforms, is relatively
rare (Figure 2C for seed vs. all other tissues; Supplemental
Table 4).
We identified a subset of genes whose expression during seed
early and middle development stages is negatively correlated
with IRR, which is a measure of the abundance of intron
retention isoform(s) relative to constitutively spliced intron
isoform(s) from a locus (Figures 3A–D). To our knowledge,
this is the first study in plants demonstrating this exact
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studies that demonstrated AS isoforms participating in regulating
circadian clock (James et al., 2012) and flowering time (Posé et al.,
2013) in response to temperature change, breeding programs that
are focused on temperature stress tolerant varieties may need to
consider better characterizing temperature related splicing and
establishing its association with improved temperature stress,
particularly for breeding cold tolerant maize varieties.
Our examination of differential splicing during drought
treatment identified splicing differences in reproductive ovary
and vegetative leaf tissue in response to drought, and also
revealed that short periods of drought (6 h) and extended drought
(24 h) result in different splicing responses in seedling roots.
This implies that there is more than one pathway activated by
drought in different tissues, or that prolonged drought results
in additional changes over short drought periods. Remarkably,
cyc3 shows an increase in intron retention isoform production
during short and prolonged drought, suggesting the possibility
that drought induced changes in cyc3 may be influencing
slow-down or cessation of the cell cycle. Perhaps increasing
expression of intron retention isoforms, most of which are
presumably non-functional, from genes involved in cell cycle
and basic cell metabolism are a general hallmark of stress
response acting to slow cell growth. Additional examination of
the roles AS may play in cell cycle genes in response to stress is
required.
Genetic polymorphisms that disrupt splicing regulation can
lead to human disease (Xiong et al., 2015) or impact plant
development as seen for rough endosperm 3 (rgh3) in maize
(Fouquet et al., 2011; Gault et al., 2017). Examining AS
isoform expression within several tissues (i.e., root, SAM,
seedling, and leaf) between the genotypes B73 and Mo17
revealed that genes undergoing differential splicing were most
abundant in seed. This is consistent with results from pairwise tissue comparisons within B73 and intron retention
expression profiling across seed development, which demonstrate
the presence of extensive AS in seed tissue. In addition to
characterizing splice isoforms in B73 and Mo17, we further
explored cis- and trans-regulation of AS among IBM RILs.
A previous study based on seedling leaf tissue from IBM
RILs grown hydroponically (Thatcher et al., 2014), focused
on genetic mapping those isoforms that exhibited differential
splicing between B73 and Mo17. Here, we developed a junctionbased approach using seedling shoot apices to identify 2,012
splice junctions with large cis-effects and 413 splice junctions
that are under trans-regulation. The 8.9% cis-sQTL junctions
have SNPs within a 12 bp region including 9 bp region
downstream of the 50 splice site (CAGGURAGU) and 3 bp
region upstream of the 30 splice site (AGG) that are significantly
enriched. However, polymorphisms near the splicing junctions
explain only a small proportion of cis-sQTLs. There are many
other aspects of the splicing code such as exonic splicing
enhancers/silencers and intronic splicing enhancers/silencers
that are found within the introns or exons they regulate,
but at some distance from the splice sites (Reddy et al.,
2012).
The 11.2 and 11.8% genes that undergo AS in maize
subgenome1 and subgenome2, respectively, produce an AS

et al., 2003; Merkin et al., 2012). Thus, it is possible that intron
retention is being used during seed maturation or cell differential
stages to shut down or reduce signaling pathways that are no
longer necessary.
Our examination of AS isoforms and differential splicing in
heat or cold stressed maize identified 414 loci that undergo
differential splicing during both heat and cold response. This
number reflects a substantial portion of all loci observed to
undergo differential splicing in response to cold (39.6%) or
heat (42.0%) treatment. These genes probably reflect loci that
undergo AS in a temperature dependent manner. GO term
analysis of these 414 genes uncovers an enrichment of genes
regulating cellular and metabolic processes and protein transport
(Supplemental Figure 8). Recently it has been suggested that AS
allows plants to rapidly modulate the abundance of functional
transcripts in response to changing environmental conditions
(Capovilla et al., 2015) including ambient temperature change
(Streitner et al., 2013). Our characterization of cold/heat related
splicing is the first report that identifies core sets of genes in
maize that may be acting in this fashion. Five and four SR
genes were found to undergo differential splicing in response
to cold or heat stress, respectively; two SR genes, zm-SC30
(GRMZM2G016296) and zm-SCL30 (GRMZM2G065066), are
differentially splicing during both treatments. An additional
intron is generated in the 30 UTR region of zm-SC30.
Interestingly, that 30 UTR intron splice isoform introduces
a PTC leading to the nonsense mediated decay, and this
intron retention event in the 30 UTR is evolutionary conserved
across different plant species (Rauch et al., 2014). We
detected the same intron retention event in the 30 UTR
(Supplemental Figure 9) and further demonstrate that expression
level of two isoforms (GRMZM2G016296_asmbl_188362 and
GRMZM2G016296_asmbl_188364, which spliced that 30 UTR
intron), are decreased during stress (Supplemental Table 4).
These two isoforms (GRMZM2G016296_asmbl_188362 and
GRMZM2G016296_asmbl_188364) would lead to nonsense
mediate decay based on in silico prediction. The expression
level of these two isoforms are highest in the control
sample, and the ratio for the sum of expression levels
of these two isoforms relative to total gene expression
decrease under cold, heat, salt or UV stress (Supplemental
Table 4). Other isoforms which do not splice that 30 UTR
intron have increased expression under stress. For example,
the levels of isoforms GRMZM2G016296_asmbl_188361 and
GRMZM2G016296_asmbl_188366 increase under response to
all stresses examined except UV (Supplemental Table 4).
Upon UV stress, the level of GRMZM2G016296_asmbl_188365,
which also does not have that 30 UTR intron spliced out
(Supplemental Table 4), increased substantially compared to the
control condition. This observation is similar to the Arabidopsis
gene ATSRP30, which also decreases the expression of an
unproductive PTC+ isoform and increases expression of a
productive functional isoform in response to stress (Filichkin
et al., 2010). This kind of switch between productive and
unproductive isoforms might be common for SR genes. These
results further demonstrate that differential splicing occurs in
response to cold and heat stress. Taking into consideration
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isoform that is conserved in an orthologous sorghum gene.
Likewise, 29.1% of sorghum genes produce an AS isoform that
is conserved in at least one of the maize subgenome 1 or 2
homeologs. This level of conservation is likely an underestimate
and may increase with deeper RNA-Seq sampling of sorghum.
At any rate, our findings based on available data suggest that
the majority of sorghum genes with evidence of AS (70.9%)
do not have conserved AS events with at least one of the two
maize homeologs that make up an orthologous triplet. Had we
considered the cases defined by a sorghum – maize orthologous
gene pair that result from the presence of only one maize
homeolog (presumably the result of loss of one maize homeolog
after the maize WGD), the proportion of genes sharing conserved
AS between sorghum and maize may be larger. We also observed
instances that are most easily explained by the loss of a splicing
event from one of the two maize homeologs subsequent to the
allotetraploidy event – perhaps through a fractionation process
that involves isoform loss rather than whole locus loss. Similar
losses of AS events have been described within the eudicot species
soybean and Phaseolus (Chamala et al., 2015).
The analyses presented here made use of existing large scale
RNA-Seq datasets that were developed for other purposes and
placed into the public domain. Thus, we expect that these will
have certain limitations in sampling relative to data sets that
were specifically acquired for our analysis purposes and are
not expected to be completely comprehensive in their ability to
discover and characterize AS isoforms. Nevertheless, this analysis
presents a robust and re-usable discovery pipeline and provides
the maize community with immediate access to the characterized
maize AS collection via FigShare7 to use in their own research.
Our results provide valuable insight into the differences
in splicing among tissues, genotypes, seed development,
7

and during or following stress. The future availability of
additional RNA-Seq datasets will increase our understanding
of the role of AS in plant development, stress response, gene
regulation and adaptation.
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